Introduction
Percutaneous nephrolithotomy (PCNL), first described by Fernström et al on three patients in 1976 [1] using radiologic guidance, is nowadays the standard of treatment for renal staghorn calculus or large (>20 mm) pelvic or caliceal stones, especially in the lower calyx, as well as for failure of other treatment options [2, 3] . Staghorn stones seem to be the most challenging form of urolithiasis and PCNL as monotherapy is able to achieve stone free rates (SFR) in almost 80% of cases [4] .
The recent endourologic trend shows a significant increase for the ureteroscopic approach and a steady decrease for extracorporeal shockwave lithotripsy (ESWL) for renal calculi, while the percentage of stones treated by PCNL is relatively constant [5, 6] , with a slight increase in the United States [7] .
Regardless of the positioning of the patient on the operating table, taking into account that both supine and prone positions are equally safe [2] , for successful PCNL, accurate puncture through the papilla of the desired calyx, in order to create the percutaneous access for stone disintegration and removal, is essential [8] . Therefore, imaging guidance is of the utmost importance in order to avoid damage to vital neighboring structures [9] .
To date, real time biplanar fluoroscopy is the most frequently used technique for percutaneous puncture of the collecting system of the kidney, ever since it was first described by Wickham et al in 1981 [10] , but the method only provides information regarding renal anatomy [8, 9, 11, 12] . The main disadvantage of fluoroscopic guided access (FGA) to the kidney is that there is no real time visualization of adjacent organs, such as the bowel, liver or pleural space, with increased risk of injury to these structures [13, 14] . Also, this approach exposes the patient and the surgical staff to radiation, which is lower but significant for the surgeon [15] [16] [17] . The patient is exposed to a mean of 8.66 mSv [18] during a PCNL session, with a peak in the first step, when gaining access to the collecting system [19] , the risk of irradiation being dose dependent [20] . Mancini et al [18] revealed that patients with increased BMI, complex stone burden and multiple access tracts are at an increased risk of irradiation during PCNL, from which the most exposed are the obese patients [21] .
The use of ultrasonography for access (USGA) in PCNL was first described in the 1970s, with increasing popularity and growing literature data demonstrating its advantages in terms of efficacy, safety and feasibility for upper urinary tract lithiasis [22] . The first ultrasound guided PCNL was reported almost 20 years ago by Desai et al [23] on a pediatric patients series. The advantages of ultrasound as an imaging modality are obvious, in terms of real time imaging, with proper anatomic description, without ionizing radiation, cheaper to use and readily available, with application in virtually any interventional procedure, with a reduced risk of complications as stated by the World Federation for Ultrasound in Medicine and Biology (WFUMB) in 2015 [24] . These advantages also apply for imaging guidance for PCNL access, with proven efficacy in pregnancy [13] , with drastic reduction of radiation exposure for the obese patients [21] . The main disadvantage is the difficulty to puncture non-dilated collecting system, as well as poor visualization of the guidewire and sometimes low visualization of the punctureneedle [25, 26] . To our knowledge, to date there is no consensus on the optimal access to the collecting system for PCNL and no recommendation provided by either the European Association of Urology or the American Association of Urology guidelines regarding percutaneous access to the kidney, with only a small amount of data comparing USGA and FGA in PCNL published in the last five years.
The purpose of this review is to assess the contemporary use of ultrasound imaging in PCNL, in comparison with conventional fluoroscopic guidance, reviewing data concerning ultrasound as an imaging method in PCNL and accounting for complications, success rate of nephrostomy tract creation and SFR.
Methods
In March 2018, we performed a MEDLINE/PubMed search for papers published in English, in peer-reviewed journals in the last 15 years, using the following keywords: PCNL, ultrasound, fluoroscopy, percutaneous, access, nephrolithotomy and urolithiasis. Out of 48 papers selected and reviewed after excluding paediatric stone disease, we refined the search on papers regarding the comparison between ultrasound guided and classic fluoroscopic guided access to the kidney for PCNL. We selected six papers that we found to be most relevant and which met modern study criteria (Table I ). Taking into account or analyzing the mean stone size, access time, operating time, fluoroscopy time for accessing the kidney, success rate of puncture, complications, SFR and the need for further additional procedures for improving SFR, as well as mean hospital stay. We also reviewed data concerning the learning curve for USGA PCNL and the impact on costs of the procedure when switching to ultrasound guided access, which is of great importance, especially in high volume centers.
Results
Data regarding the average stone size for PCNL approach showed a maximum diameter above 20 mm in most of the papers. Mean access time was roughly similar, with the exception of the trial conducted by Basiri et al [27] , which found that FGA was performed two times faster than USGA, and Agarwal et al [28] , who reported quite the opposite, without any explanation. In both studies the procedure was performed by the urologist, in a prone position, targeting the inferior posterior calyx. This might be explained by the surgeon's experience and familiarity with USGA. Total operating time was similar between USGA and FGA, as well as the puncture success rate. Fluoroscopy time was significantly lower for the USGA groups. With the exception of Basiri et al [27] , where the SFR was not one of the outcomes and was not reported, all the other studies revealed similar or higher SFR for the USGA approach. Complications were similar, but a significant decrease in bleeding and need for transfusion for the USGA arms was reported in two studies [29, 30] . Length of hospital stay data was contradictory, Andonian et al [29] reporting a mean of 5.3 days for USGA PCNL versus 3.5 days for FGA and Ng et al [22] 2.9 days for the USGA group versus 4.6 days for the FGA group. The results of Ng et al [22] do not correlate with the SFR or with complication or retreatment rate. On the other hand, Wang et al [30] found no significant difference in hospital stay between the two groups in their me- N -number of patients; RCT -randomized controlled trial; CCT -clinical control trial; META -meta-analysis; USGA -ultrasound guided access; FGA -fluoroscopy guided access; SFR -stone free rate; NA -not available; xModified Clavien-Dindo classification system. ta-analysis comprising over 3000 patients. Out of the comparison between USGA and FGA for PCNL some important aspects emerged, such as the significant reduction in radiation exposure for both the patient and the surgical staff, which was somehow predictable, mainly due to the harmless principle of ultrasound, with similar puncture time and total operative time. However, fluoroscopy was necessary as an adjunct for verifying correct needle placement or in case of failed USGA, as well as in conjunction to ultrasound for tract creation after initial puncture [27, 28, 31] . Data on mean access time are heterogenous, with the exception of Wang et al [30] who found no statistically significant difference between the groups on their meta-analysis on 3019 patients enrolled in 14 studies. Puncture success rate are similar, with generally mild complications of grade I and II according to the Clavien-Dindo scale [32] . However, the operative bleeding and subsequent need for transfusion seem to be lower for the USGA groups [29, 30] , which is probably due to the higher number of punctures necessary to gain access, and perhaps to some extent to the increased operative time of FGA PCNL. These findings are sustained by the results of CROES (The Clinical Research Office of the Endourological Society) PCNL Global study [33] , that showed a significantly higher access rate failure for FGA compared with USGA (2.9 vs. 0.7%) in their complex analysis of almost 6000 patients. The most important parameter of the outcome of PCNL is the SFR, which seems to be higher in the USGA PCNL groups, owing to the superiority of ultrasound in depicting renal anatomy and the ability of identifying radiolucent stones [22, 29, 30] . Another advantage of USGA is the use of Doppler mode, which can depict renal vasculature and can facilitate needle puncture without injury to significant vessels that can lead to severe bleeding. Tzeng et al [34] evaluated the use of Doppler mode in USGA PCNL, in a prospective randomized controlled trial comparing USGA in standard B-mode with Doppler mode. The study revealed a significantly lower bleeding and subsequent need for transfusion in the group where Doppler mode was used. Li et al [35] recently published their experience over 9 years including 8025 patients with urolithiasis that were subjected to PCNL with access and tract dilation performed solely under Doppler ultrasound guidance. They reported a mean stone size of 32 mm, with an operating time of 42 min (mean). SFR achieved was 85.5%, with a mean hospital stay of 4.1 days. Almost 5% of patients complicated with fever >38.5°C, while the need for transfusion resumed at only 1.1%. Pleural injury was reported in 15 cases (0.19%). Only four patients (0.05%) needed conversion to open surgery, out of which two patients required a nephrectomy. These results sustain once more the safety and feasibility of the Doppler mode in USGA.
Last but not least, several papers reported that the puncture of the collecting system, either by USGA or FGA, was performed entirely by the urologist [27, 28] . This should encourage clinicians to perform USGA with fluoroscopic guidance as a complementary imaging technique, with the same safety profile and SFR of both methods, but with significant reduction of the radiation exposure. Data from the CROES study [33] revealed that the access was obtained in 90% of cases by the urologist. Several papers reported a comparison between the access obtained by the radiologist versus the urologist, with roughly similar complication rates but slightly higher SFR for the cases where the access was obtained by the surgeon [36] [37] [38] . Some authors even recommend that the urologist and not the interventional radiologist should perform the renal puncture under ultrasound guidance, for optimal access and avoidance of collateral organ injuries [39] .
Furthermore, in a recent study Hudnall et al [40] analyzed 71 consecutive PCNL performed using either USGA or FGA finding a mean reduction of overall costs of 30% when using USGA, which makes the ultrasound approach even more appealing.
The main disadvantage of USGA is the puncture of the non-dilated collecting system [9] , which was overcome by placing an uretheral catheter and injecting saline solution, sometimes with some contrast agent [22, 28, 31] , or even a small amount of atmospheric air, for better visualization of the caliceal anatomy [27] . Moreover, the ureteral catheter prevents the migration of stone fragments to the ureter through the PCNL procedure. Agarwal et al [28] administered a 10 mg IV bolus of furosemide to all 224 patients in their study, for uniform and sustained renal collecting system dilatation throughout the procedure. This simple artifice acts as a great aid, but there is still the disadvantage of repositioning the patient from lithotomy position to the desired position for PCNL, most often under general anesthesia, which increases operating time and can produce cervical spine injury, ocular or peripheral nerves lesions, as well as ventilatory and cardiac alterations, especially when the preffered position is prone [41] . This is an important aspect, as in the CROES global study [33] , PCNL was performed in the prone position in 80% of cases of their large cohort study.
However, in the attempt of further compensation of this disadvantage, Usawachintachit et al [42] assessed the feasibility of using contrast enhanced ultrasound (CEUS), by administering a small amount of ultrasonographic contrast (Optison TM , GE Healthcare) through a retrograde placed ureteral catheter, on a pilot series of five patients with urolithiasis with indication for PCNL, but with non-dilated renal units. Puncture was successful in all cases, without side-effects related to the ultrasound contrast. Future research is warranted to validate this method of aiding renal access in non-dilated kidneys.
Finally, we reviewed data concerning the learning curve for both FGA and USGA. Allen et al [43] published in 2005 their experience studying the learning curve of an inexperienced urologist in performing FGA PCNL, under the supervision of an highly trained endourologist. They found that the operating time decreased from a mean of 142 min for the first 15 cases to 92 min for cases 46-60, where it stabilized for the next cases, up to 155 cases. The results were comparable with the timing of the experienced surgeon (mean of 98 min/procedure) after the first 60 operations. Fluoroscopy time and radiation dose decreased with the gain in surgical experience, reaching a plateau after 115 procedures, which was again similar with the results of the expert urologist. Therefore, the authors concluded that a mean of 60 procedures are required for achieving a good level of competence, excellence being achievable after 115 procedures. Similar results were reported by Tanriverdi et al [44] , who found that approximately 60 procedures are necessary for a non-experienced urologist to gain competence in FGA PCNL, as after this amount there was no significant drop in operating time or radiation exposure. More recent data suggest that at least 50 procedures of FGA PCNL are necessary in order to achieve reliable skills in accessing the collecting system [45] .
On the other hand, Song et al [46] studied the learning curve for USGA PCNL, on a series of 120 cases in which USGA PCNL was performed by an unexperienced surgeon with some endourologic background and a month of observing and assisting over 20 USGA PCNL procedures. The results were compared to those of an expert endourologist with over 1000 PCNL's. They found that the novice reached comparable operating time, ultrasound screening time and tract dilation comparable to those of the expert urologist after 60 procedures. The complication rate decreased with experience gained, but without statistical significance. There were only Clavien I and II grade complications. The SFR increased with experience and achieved an overall of 75% for all the procedures. Similar findings were reported by Yu et al [47] , their study concluded that 60 procedures are necessary for proper USGA PCNL experience, 120 represent excellent performance and nearly perfect results are obtained after 180 procedures.
A recent paper published by Usawachintahit et al [48] studied the learning curve necessary for an experienced endourologist with training in FGA PCNL to obtain proper skills for USGA PCNL. At first, the surgeon performed only the access to the kidney with the aid of ultrasound, then switching to fluoroscopic imaging. During the study he gradually performed further steps with the aid of ultrasound, achieving almost X-ray free USGA PCNL at the end of the study. Fluoroscopy was also used for failed USGA attempts. Fluoroscopy time decreased nearly sevenfold between the first 20 cases and the last 20, while radiation dose decreased over sevenfold in the same manner. Puncture success rate was about 30% in the first 20 cases then rising to 75% from the 21 st case, reaching 100% at the end of the study. Complications were mild, Clavien I and II group, comparable with the fluoroscopy group. Overall SFR reached 88%. They concluded that after approximately 20 procedures, USGA PCNL can be performed safely and effective by a previously experienced FGA PCNL urologist. These findings are important because they reflect a relative learning curve not for a novice surgeon in the field of PCNL, but for those already experienced that want to shift to a less irradiating method, without sacrificing the surgical outcome.
Conclusions
The evidence acquired shows that the ultrasound guided access is a comparable method with the classic fluoroscopic guided access, with a similar safety profile and complication rate and a significant reduction in radiation exposure for both patient and surgeon and up to radiation free complete PCNL, although fluoroscopic guided access to the kidney remains the most popular access path to the kidney for PCNL. However, USGA PCNL seems to lead to decreased bleeding and a need for a transfusion, especially when the Doppler mode is used, and also to a slightly higher SFR than conventional FGA PCNL. The two methods have similar hospital stay, but it seems that USGA PCNL reduces the overall costs of the procedures by about 30%. USGA PCNL can be safely performed by urologists, therefore they should be encouraged to learn and apply this method. For the experienced endourologist familiar with FGA PCNL, the learning curve for shifting to USGA PCNL is of approximately 20 procedures. We consider that more prospective clinical trials are required in order to obtain consensus. Also, further research of simple tricks such as the injection of ultrasonographic contrast or air in the collecting system to increase the visualization of the kidney anatomy is warranted for reducing the difficulty of USGA PCNL.
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